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Question of low-lying intruder states in 8Be and neighboring nuclei
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The presence of not yet detected intruder state®Bie, e.g., aJ=2" intruder at 9 MeV excitation would
affect the shape of the™ -delayeda spectra of°Li and &B. In order to test the plausibility of this assumption,
shell-model calculations with up to#idv excitations in®Be (and up to Z » excitations in°Be) were per-
formed. With the above restrictions on the model spaces, the calculations did not yield any low-lying intruder
state in®Be. Another approach—the simple deformed oscillator model with self-consistent frequencies and
volume conservation—gives an intruder state®Be which is lower in energy than the above shell-model
results, but its energy is still considerably higher than 9 MeV.
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PACS numbd(s): 27.20+n, 21.10.Pc, 21.60.Cs, 21.60.Fw

I. INTRODUCTION AND MOTIVATION The twoJ=0" states lying below the calculated intruder
state in1%Be, at least in the calculation, correspond to two
In anR-matrix analysis of thgg* -delayeda spectra from  degenerate configuratiorfg11] and [330]. Both of these
the decay of8Li and 8B as measured by Wilkinson and have configurationd =1 S=1 from which one can form
Alburger[1], Warburton[2] made the following statement in the triplet configurationg=0",1",2". Hence, besides the
the abstract: “It is found that satisfactory fits are obtainedintruder state, we have the above twe 0" states as candi-
without introducing intruder states below 26-MeV excita- dates for the experimental;Ostate at 6.18 MeV.
tions.” However, Barker has questioned th#4] by looking As noted in the previous work5] if, in the Op-shell
at the systematics of intruder states in neighboring nuclei. Henodel space we fif to get the energy of the lowest Xtate

noted that the excitation energies of Gtates in*®0, '*C, iy 198¢ 19 be at the experimental value of 3.368 ME\gy),

and *°Be were, respectively, 6.05, 7.65, and 6.18 MeV. Whythen the two sets of triplets are at an excitation energy of 30
should there not then be an intruder stat€Be around that ¥ which equals 5.61 MeV—not far from the experimental

2 . .
energy: value. There is however a problem—in @-8pace calcula-

In recent workg5,6] the current authors and Sharma al- .. . .
o . : ) tion with Q- Q, the lowest 2 state is twofold degenerate,
8 10
lowed up to Ziw excitations in°Be and in—"Be, and indeed corresponding td=2" K=0 andJ=2" K=2.

2p—2h intruder states were studied with some caré%e. So it is by no means clear if the*Ostate in%Be at 6.18

Uilhng a_scl)rré%lisql:\;leld\r/ljfrgle—fquadlrotépoIe m;e;iactiefS(?A% MeV is an intruder state. We will discuss this more in a later
W'25/A)§,§ ’ f deaJ—O+ or q € an 5)7_M Vv section. It should be noted that in the previously mentioned
— 25/A77, we found aJ=0" Intruder state at 9.7 MeV ex- 5. jation[6], the energy of the intruder state is very sensi-
citation energy. This is higher than the experimental value o ive to the value ofy, the strength of the- Q interaction.

6.18+MeV,_but it is in the baIIpark_. However, there are _other-l-he energy of this intruder state drops down rapidly and
J=0" excited states below the intruder state found in thenearly linearly with increasing
calculation. Because of uncertainties due to the truncations in the

_In a Op-sg_ell galculfatrl]onv\\;\_nth the mteracltl_orr)((ﬁQ, shell-model calculations, an alternate approach is also con-
using a combination of the Wigner supermultiplet thelify  ijoreq This is the deformed oscillator model with volume

characterized by the quantum npmbbfrgfzfg] .and EIIiott’s. conservation and self-consistent frequencies.
SU(3) formula[8], one can obtain the following expression

giving the energies of the various states:
Il. RESULTS OF THE SHELL-MODEL

E\p)=x{— 4[N+ p?+ A pu+3(N+u)]+3L(L+ 1)}, DIAGONALIZATIONS
@ In Tables I, Il, and Ill we give results for the energies of
where J=0" and 2" states in®Be, in which up to 4 w excitations
are allowed relative to the basic configurations)g0op)*.
AN=f— 15, u=Ff,—1fj (20 The different tables correspond to different interactions as
follows:
and (@ Quadrupole-quadrupole: V=—-xQ-Q with
. x=0.3467 MeV/i,
— 5b" . 3) (b) V=—xQ-Q+xV,, (x as above and=1),
X=X 32 e (©) V=V +xVetyV, (x=1, y=1).
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TABLE |. J=0" and 2" states in®Be for the interaction TABLE Il. Same as Table | but for the interaction yQ-Q
—xQ-Q with x=0.3365 MeV/finf with up to 4w excitations  +xV,,with y=0.3365 MeV/fnt andx=1.
allowed. The percentage ofi®, 24w, and 4w occupancies are
given, as well as th&(E2)(07 —2;"). (@) J=0" T=0 states
Ege MeV) 0w 2 ho 4 ho

(@8 J=0" T=0 states

Eoc(MeV) 0 o 2 ho 4 fo 0.0 651 240 109
12.8 83.6 10.3 6.1
0.00 646 246  10.7 16.4 89.7 6.0 43
11.37 834 109 57 21.9 917 46 3.7
15.88 94.4 2.1 3.5 26.4 69.3 21.3 9.4
17.86 943 25 3.2 26.5 407 440 153
19.38 94.9 2.1 3.0 299 34 77.4 19.2
26.23 285 509 20.6 32.1 00 866 13.4
29.70 33 773 194 37.3 00 856 143
32.08 00 861 139 38.4 182 662 156
34.20 00 868 132
35.93 13.8 707 154 (b) J=2% T=0 states

EexxMeV) 0 fiw 2 fiw 4 ho  B(E2)o; .o (e? fm*
(b) J=2" T=0 states '

2 4 3.1 66.7 23.3 10.1 63.4
EccMeV) 0w 2 hiw 4 ho B(EZ)OIHZI* (ec fm?) 102 g5 8 6.8 54 0.4
3.04 66.3 23.8 9.9 65.3 13.2 88.2 7.2 4.6 0.9
11.37 83.4 10.9 5.7 0.0 16.2 91.9 4.2 3.9 0.0
13.59 86.2 8.9 4.9 0.0 17.7 86.4 8.9 4.7 0.2
15.88 94.4 2.1 3.5 0.0 19.6 88.3 7.4 4.3 0.0
15.95 87.5 8.3 4.2 0.0 21.6 84.8 10.3 4.9 0.1
17.86 94.3 25 3.2 0.0 222 91.0 5.1 3.8 0.0
19.39 94.9 2.1 3.0 0.0 275 27.8 53.1 19.1 14.5
27.15 28.5 51.4 20.2 15.7 30.9 0.9 78.0 21.0 0.0
30.22 0.0 79.3 20.7 0.0 31.9 1.1 80.2 18.7 1.6
31.71 1.0 80.1 18.9 1.6 32.4 0.0 86.2 13.8 0.0
32.09 0.0 86.1 13.9 0.0 34.3 0.2 85.7 14.0 0.0
33.87 0.1 83.3 16.6 0.0 34.6 1.2 83.8 15.1 0.1
34.20 0.0 86.8 13.2 0.0 35.2 11.4 74.0 14.6 0.1

35.71 10.7 75.0 14.3 0.0

the percentage of72w excitations(as well as 4w excita-
_ o o _ tions for ®Be).

Case(c) above consists of a simplified realistic interaction  Note that for interactioria) the respective percentages for
constructed by Zheng and Zami¢8]. They took a combi- the ground state ofBe (see Table )l are 62.8, 25.7, and
nation of a centraV, a spin-orbitVs,, and a tensor inter- 115 %: there is considerable mixing. Thus we should not
action V; and fitted the parameters to the realistic Bohn forget, when we discuss the question “where are the intruder
bareG matrix element$10]. To study the effects of varying states?,” that there is considerable admixing dfe2 and
the spin-orbit and tensor interactions they multiplied these byl w excitationsin the ground stateNote that the ground-
factorsx andy, respectively. Fox=1, y=1 one gets the state configuration does not change very much for the three
best fit to the BonmA matrix elements and this choice is used interactions that are considered here. For example, as seen in
in this work. This has been discussed extensively in previou3able Ill, the corresponding percentages for tkgy] inter-
reference$5,9,11]. action are 62.2, 26.2, and 11.6 %.

It should be noted that in all our shell-model matrix di- By looking at these tables, it is not too difficult to see at
agonalizations the effects of spurious center-of-mass motiowhat energies the intruder states set in. One sees a sharp drop
are removed. In theoxBAsH program used herfel 2], thisis  in the 0k w occupancy. For example, in Table I, whereas the
done by using the Gloeckner-Lawson method which pushe8% » percentage for the 18.7 and 20.2 MeV states are, re-
the spurious states to a very high energy. For more detailspectively, 93.9 and 94.6 %, for the next state at 26.5 MeV
see Refs[11,13. the percentage drops to 29.4%—also the next four states

In Tables 1V, V, and VI we present results for isospin onelisted have very low 8w percentages and are therefore in-
J=0" and 2" states in'°Be in which up to Z » excitations  truders.
have been included. We have the same three interactions as The terminologyintruder stateis somewhat arbitrary. It is
above but withy=0.3615 MeV/fnt in (a) and (b). used by experimentalists to refer to certain low-lying states

In all the tables we give the excitation energies of thewith certain properties. In shell-model calculations it is gen-
J=0"% and 2" states and the percent probability that thereerally used for states whose main components are outside the
are no excitations beyond the basic configuratiohd® and  model space composed of one major shl(the valence
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TABLE lll. Same as Table | but for the realistix,fy) interac- TABLE IV. J=0"% and 2" states in'°Be for the interaction
tion with x=1 andy=1. —xQ-Q with y=0.3615 MeV/fmt with up to 2iw excitations
allowed. The percentage ofi® and 2w occupancies are given,
(@ J=0" T=0 states as well as theB(E2) (07 —2;").

Eee MeV) 0 fiw 2 ho 4 ho

(a8 J=0" T=1 states

0.0 62.2 26.2 11.6 Eep (MeV) 0 ho 2 ho
22.8 66.5 23.6 9.9
28.7 6.5 71.0 22.5 0.0 81.8 18.2
30.3 66.5 23.0 10.5 3.7 81.0 19.0
35.3 67.5 22.4 10.1 7.3 93.6 6.4
394 7.3 73.4 19.3 9.7 0.0 100.0
43.5 56.3 314 12.3 12.1 92.9 7.1
47.6 8.8 70.5 20.7 121 92.9 7.1
495 2.3 76.7 21.6 13.9 93.1 6.9
50.1 3.3 75.7 21.0 17.7 98.9 1.1
22.1 0.0 100.0
(b) J=2" T=0 states 229 0.0 100.0

EecMeV) 0 fiw 2 fiw 4 ho  B(E2)o: o (e? fm*

(b) J=2% T=1 states
54 62.2 26.6 11.1 31.1

19.5 700 204 96 0.0 Eexc (MeV) 0fw 2 ho  B(E2oz (€ fm)
215 69.5 202 103 0.1 2.2 81.3 18.7 5.0
26.2 69.7 205 9.8 0.4 3.4 83.4 16.6 47.2
30.4 70.2 209 8.9 0.0 3.7 81.0 19.0 0.0
31.0 56.7 309 126 1.7 7.3 93.6 6.4 0.0
33.7 135 65.7 20.8 3.7 9.2 82.9 171 0.0
35.1 71.3  19.7 9.0 0.0 10.9 91.9 8.1 0.0
38.2 677 224 9.8 0.0 11.9 0.0 100.0 0.0
41.6 9.0 68.8 222 1.3 12.1 92.9 7.1 0.0
45.0 1.0 79.7 193 0.1 12.1 92.9 7.1 0.0
45.9 2.9 779 192 2.4 12.1 92.9 7.1 0.0
46.3 3.2 76.7 20.1 1.3 13.9 93.1 6.9 0.2
47.3 0.3 79.5  20.2 0.0 13.9 93.1 6.9 0.0
48.4 1.5 79.8 18.6 0.0 13.9 93.1 6.9 0.0
17.7 98.9 1.1 0.0
22.1 0.0 100.0 0.0

shel). Following this criterion in our theoretical calculations
we define an intruder state as one for which thawOper-
centage is less than 50%. By this criterion, and for the threétill holds if we were to use®Be energies calculated in
interactions discussed here, the low&st0" intruder states (0+2)fiw configuration space—see Table VII. This would
in 8Be are at 26.23, 26.5, and 28.7 M&&ke Tables I, Il, and indicate that even if we do find low-lying intruder states in
Il). The J=2" intruder states are at 27.15, 27.5, and 33.7'°Be, such a finding in itself is not proof that they are also
MeV. Note that up to #w excitations were allowed in these Present in°Be. Indeed, our calculations would dispute this
calculations. These energies are very high and would argu@a'm-
against the suggestion by Barker that there are low-lying
intruder states irfBe. l. (0+2)%e vs (0+2+4)ie» CALCULATIONS FOR 8Be
What about'®Be? Remember that in this nucleus we only
include up to Z w excitations. For the three interactions con-  In Table VIl we show the results for the energy of the first
sidered, the lowesi=0" T=1 intruder states are at 9.7, intruder state irfBe in calculations in which only up tof2o
11.4, and 31.0 MeV. The “anomalous” behavior for the last €xCitations are included and compare them with the corre-
value[31.0 MeV for the §,y) interactior] will be discussed ~sponding results for up to7#w. For interactionga) and (b),
in a later section. the value ofy was changed to 0.4033 MeV/fhin order that
Note that when a spin-orbit is added @ Q, the energy the energy of the? state come close to experiment. In more
of the intruder state goes up, e.g., 11.4 MeV vs 9.7 MeV detail, we have to rescaje depending on the model space in
The lowest-lyingJ=2" T=1 intruder states are at 11.9, order to get the 2 state at the right energy. In general, the
13.8, and 33.4 MeV. The energy of the nonintrudermorenp—nh configurations we include, the smallgris.
(L=1 S=1)J=0", 1%, 2" tripletalso goes upascanbe We see that in the larger-space calculation+@
seen from Tables IV and V. +4)hw, the energies of the lowest intruder states in most
For the twoQ- Q interactions, the energies of the intruder cases come down about 5 MeV relative to thet@)# w
states in'®Be are much lower than ifiBe. This conclusion calculation. The excitation energies are still quite high, how-
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TABLE V. Same as Table IV but for the interactionyQ-Q TABLE VI. Same as Table IV but for the realistix,y) inter-

+ X Vg With y=0.3615 MeV/int andx=1. action withx=1 andy=1.

(a8 J=0" T=1 states (a8 J=0" T=1 states
Eeyc (MeV) 0 how 2 ho Ecye (MeV) 0w 2 ho
0.0 85.6 14.4 0.0 73.3 26.7
8.0 80.8 19.2 8.7 74.4 25.6
9.6 92.0 8.0 12.0 74.7 25.3
11.4 0.0 100.0 21.1 76.5 23.5
12.1 91.5 8.5 23.7 77.5 225
16.4 90.6 9.4 31.0 49.3 50.7
19.7 90.5 9.5 315 254 74.6
231 88.7 11.3 345 5.8 94.2
24.0 0.0 100.0 37.6 0.6 99.4
26.1 0.0 100.0 39.7 74.1 25.9

(b) J=2" T=1 states (b) J=2" T=1 states
Eexc (MeV) 0 how 2 ho B(E2)o; o+ (e? fm* Eeyxc (MeV) 0 ho 2 ho  B(E2)o: o (e? fm?*
3.0 855 14.5 40.1 4.6 73.5 26.5 19.7
4.6 83.7 16.3 34 5.2 73.9 26.1 3.2
6.8 90.8 9.2 0.3 9.2 73.7 26.3 15
7.8 835 16.5 3.7 10.1 75.8 24.2 0.0
11.8 84.8 15.2 0.1 17.4 74.5 25.5 0.0
13.0 91.2 8.8 0.1 19.7 75.7 24.3 0.1
13.8 0.0 100.0 0.0 20.2 77.0 23.0 0.0
14.1 90.9 9.1 0.0 22.1 76.9 23.1 0.2
14.8 90.9 9.1 0.0 22.9 77.1 22.9 0.0
15.5 90.3 9.7 0.0 23.7 77.2 22.8 0.0
17.2 90.0 10.0 0.1 27.2 76.8 23.2 0.0
17.2 88.0 12.0 0.0 29.0 76.9 231 0.2
18.2 90.3 9.7 0.1 325 76.9 23.1 0.0
21.2 89.0 11.0 0.0 334 0.3 99.7 0.0
23.0 52.8 47.3 0.0 35.5 71.7 28.3 0.2

ever, all being above 25 MeV. One possible reason for theg K =0 andK =2 members of th¢42] configuration. There
difference between the results of the two calculations is thaf .., . degeneratd 1 S=1) configurations at 3p with

in the (0+ 2)% w calculation there is level repulsion between supermultiplet configurations[330] and [411. From
the O0hw and the Z » configurations, and that theid» con- | =1 5s—1 one can form a triplet of states with
figurations are needed to push th&d2 states back down.

TABLE VII. Excitation energies(in MeV) of the firstJ=0*

=0+ 10
IV. THE FIRST EXCITED J=0" STATE OF “Be and 2" intruder states irfBe and%Be.

Is the first excited =07 state in'°Be an intruder state or

is it dominantly of the (8)*(0p)® configuration? Experi- QQ Q QH+xVeo xy) =D
mentally, very few states have been identified'#Be. The 8Be J=0+ T=0
known positive-parity states are as follopisd]: 2hw 321 301 338
J= EX(MeV) 4hw 26.5 26.5 28.7
0y 0.000 8Be J=2" T=0
27 3.368 2t 315 30.9 36.6
25 5.959 4w 275 275 33.7
ot 6.179
2* 7.542 “Be J=0" T=1
. 6 ] ) ] ] Be J=2" T=1
In the (Gs)"(0Op)” calculation with Q- Q interaction, the 5, 11.9 138 336

lowest 2" state at 1§7is doubly degenerate and corresponds:
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J=0%, 1%, 27. If we choose; by getting the 2 state truder state was at a much lower energy. A possible expla-
correct at 3.368 MeV, then the twa=1 S=1 triplets nationis that for thex,y) interaction, unlikeQ- Q, onedoes
would be at 30/18 3.36 MeV=5.61 MeV. However. there havelarge off-diagonal matrix elements in which two nucle-

should be driplet of states. In more detailed calculations, asONS @re excited fronN to N=1, e.g., from @ to 1s—0d.

the spin-orbit interaction is added to te Q interaction, the ;}h'sz"i\"” cau?_e a I::_rge IeveC: rgpuls;(;]n be]'fween tlf;aogand
triplet degeneracy gets removed with the orderiBg+ € 4w configurations and drive them far apart. Fresum-

o maseon e a0 s ses 1. ve st conlgutons i b mods
of %Be at 3.7 and 7.3 MeV are degenerate with a pQre bace, they P g

. ; o et near their unperturbed positions.
- Q interaction. Th|§ IS als_o_true fQ},_ 1 N In Table V, how- Thus, the problem is rather difficult to sort out theoreti-
ever, when the spin-orbit interaction is addedQeQ, we

- | ° cally, so we can at best suggest that more experiments be
find that whereas the,Dis at 8.0 MeV, the g state is at 6.8 §gne onl%Be. For example, thB(E2) to the 2 state would

MeV. ) ) be useful. There should be a much larggfE2) to the
Hence if the 0 state at 6.179 MeV were dominantly an | =2 K=2 member of a[42] configuration than to an

L=1 S=1 nonintruder state, one would expectla1* (L=1 S=1) state. We also predict a substan®({M 1)1
and aJ=2" state at lower energies. Thus farfie 1* level o the firstJ=1" T=1 state in'%Be. Whereas with a pure
has been seen itfBe but this is undoubtedly due to the lack Q- Q interaction theB(M1) to this state would be zero, the
of experimental research on this target. Now thier@ lower  presence of a spin-orbit interaction will “light up” the;1
2" state at 5.959 MeV. This could be a member of the state in'°Be. TheJ=1" should be seen.

=1 S=1 triplet or it could be theK=2 state of thd42]

configuration. V. THE DEFORMED OSCILLATOR MODEL
Hence, one possible scenario is that indeed thetate is WITH VOLUME CONSERVATION
dominantly of the42] configuration and thd=0, state is a AND SELF-CONSISTENT FREQUENCIES

. . . + .
smglet. This would support the idea that the- 0 itate IS As an alternative to the shell-model approach for finding
an intruder state. The second scenario haslta@, state  he energies of intruder states, we consider the deformed

being dominantly an.=1 S=1 state for which thd=1"  qqillator model of Bohr and Mottelsofi5]. The Hamil-
member has somehow not been found. This would be iRgnian is a sum of one-body terms, one of which is

support of the idea that the,Ostate isnot an intruder state.

Let us look in detail at Tables IV, V, and VI which h? , M L o,
show where the energies of the intruder states are in a H=—55 V' 5 (0 oy + 2. 4
(0+2)hw calculation. For theQ-Q interaction (with
x=0.3615 MeV/int), the lowestJ=0" intruder state is at Furthermore, we assume volume conservation:

9.7 MeV and the lowest=2" intruder state is at 11.9 MeV. 3

These energies amauch lowerthan the corresponding in- WyWyW;= Wy=COoNst. ©)
truder state energies féiBe. This in itself is enough to tell
us that the presence of a low-energy intruder staté’Be
does .ngt imply that there should be a low-energy intruder En=3 o+ 3 oy +3 o, (6)
state in®Be. Note that the intruder states in this model space

and with this interaction have 100% fi2o” configurations.  where3, =3 (N,+ 1/2) whereN, is the number of quanta in
This has been noted and discussedd@hand is due to the thex direction.

fact that theQ-Q interaction cannot excite two nucleons  The self-consistency condition is

from theN shell to theN=1 shell.

Still, in Table 1V, there are twd=0" states(below the Exwxzzywyzzzwz- (7)
intruder statgat 3.7 and 7.3 MeV. Even in this large-space
calculation, these are members of degenetatel S=1
tripletsJ=0", 1%, 27. Indeed, if we look down the table,
we see the 3.7 and 7.3 MeV values in the 2" column.

In Table V, when we add the spin-orbit interaction to
Q- Q, the energies of the;0and 0 states go up, but so does
the energy of thel]=0;, intruder state. The energies of the Th
0,, 03, and G (intrudep states in Table IV are 3.7, 7.3, _
and 9.7 MeV; in Table V, with the added spin-orbit interac-~ The calculations for the intrinsic states are remarkably
tion they are 8.0, 9.6, and 11.4 MeV. _ simple. One just has to evalual,, X, and3, for the

_In Table VI we show results of an up-td:& calculation ground state and the intruder states. The single-particle states
with the reall_stlc mteract_lon. Here, we see a drastically d'f'are classified asNy,N, ,N,). The relevant ones for this cal-
ferent behavior for the intruder state energy tBe. The culation are(0,0,0, (0,0,, (1,0,0, (0,1,0, and(0,0,2. For

lowestJ=0" intruder state is at 31.0 MeV, and the lowest example, for the ground state 8Be, the state$0,0,0 and
J=2% intruder state is at 33.4 MeVtecall our operational (0,0, are occupied so that one has

definition—an intruder state has less than 50% of the 0
configuration. For theQ- Q interaction, in contrast, the in- 2, =4X1/24+4X1/2=4,

The intrinsic energy is given by

This can be obtained by minimizing the kinetic energy—
indeed for a two-body interaction the potential energy de-
pends only onwy and not on the deformation. With this
condition, the energy is given byE;;=3%,io,
=3ﬁw0(EXEyEZ)l/3.

For a simple estimate, we taltaw,=45A"Y3— 25023
is model has been previously applied by Zamétkal.
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2,=4X112+4X112=4, Eg+=Ein—AERg, 9
3,=4X1/2+4X3/2=8. where the zero-point enerd7]

For the 2o—2h intruder states, there are four nucleons in (3%

(0,0,0, two in (0,0,1) and two in(0,0,2. Hence, AERZE. (10

2,=2,=8X1/2=4, . )
(J%) is the expectation value of the angular momentum

3,=4X1/2+2X 3/2+ 2% 5/2=10. squared

For the ground state, the volume conservation condition (I3 =(I2)y=(I) +(I)=2(J; (11
(0w, 0,= wg) becomes 8/% 8/4X w3 = w3 and
andZ is the cranking moment of inertia for the correspond-
w ; ) U
w_Z:0'629 96. ing configuration, i.e.,
0

The intrinsic state energy is thei=3X8x0.629 96 w, (35y=2 [(plixh)I2, (12
=15.199@ w,. The calculations for other states and other Ph
nuclei are carried out in the same way. e

In order to compare our results with experiment we must I=T,= 22 (Pl (13)
obtain the energies of th&=0"* andJ=2" states. The 0 €p— €n
and 2" energies are computed as follows.

In the axial case for a given intrinsic configuration, with h and p the occupied and unoccupied states, respec-
tively, in the configuration at hand.

In the triaxial case(see, for instancd,18]) there are two

Bor=Bor=7, ® 2+ states
|
1 1 1 3 21,1,T,(4T,+ 4T, +3T) + T3(12+12)]| **
Eyi—Egi=|—+—+—|{15|1-= . (14)
I, I, I, 8 (LI, + 1,7+ I,Z,)?

The lowest of these 2 states is given in the table for the expected parity 3 1/2” state. This is unmistakable evidence
case of the triaxial configuration in°Be and can be also that there are low-lying intruders in this region.
obtained from the simpler equation

B. The calculation

E E >
2t 0+—§

£+ 1 (15) We present the results for the deformed oscillator model
Iy I, in Table VIII. This table contains both the input parameters
and the results for the intrinsic state energies, and the ener-
The zero-point energy in the triaxial case is obtained as  gies of theJ=0% andJ=2" intruder states.
We first giveX., %, 2, from which the frequencies,,
(J5y (3 (3% wy, w,, andw, are obtained. This is sufficient to obtain the
7 T 7 (16) intrinsic state energies in units é@fwy. Next the quantities
X y z needed to get the energies of the 0™ andJ=2" states are
shown. These are the expectation vali&,(J7), and(J?2)
V1. DISCUSSION OF RESULTS and the moment of inertia in units ofifog) ~ s We then
present the zero-point energyEg in units of (ﬁwo) We
then present fwy) using the formulaZwy=45A"*°
We present results fofBe, Be, and '’C. The latter —25A~23MeV. It would be better to fifi w, to experiment.
nucleus is included because there is a kndwr0™ intruder  However, sincé®Be is unstable, one cannot measure the rms
state at 7.654 MeV, generally considered to bepa-4h radius. There is no data available fiBe and for *°C the
state. In1%Be there is al=0" excited state at 6.11 MeV, error bars on rms are fairly large. At any rate, since we next
which may well be a p— 2h intruder state. Howevel’Be is  present results foE*_, both in units of ¢ wy) and in MeV,
a remarkably understudied nucleus and it would be nice tit is easy for the reader to obtain results forfan, of his/her
have more experimental work to confirfor deny this. Al-  choice. We lastly give the excitation energies of the2™*
though we will not include calculations fot'Be here, it  states.
should be noted that for this nucleus there is an inversion Let us first discus$°C because the experimental situation
with aJ=1/2" ground state, which is 0.3196 MeV below the here is most solid. The values &f,, X,, andX, for the

AER: (

A. Experimental situation
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TABLE VIII. Excitation energies of the firsi=0" and 2" intruder states irfBe, °Be, and*?C in the deformed oscillator model.

2xxzyvzz & ﬂ & Eint (Ji),(Ji),(Jg) IX!vaIz AER Ej:O ﬁwO Ejzo Ej:z

€O P0E0 T (ag) [((hw)) ] (hoy) (hwg) (MeV) (MeV) (MeV)
8Be Op—0h 4,48 1.26,1.26,0.63 15.12 6,6,0 15.9,15.9,0 0.38 16.25 3.07
2p—2h 4,4,10 1.36,1.36,0.54 16.29 10.5,10.5,0 21.4,21.4,0 0.49 1.06 16.25 17.23 19.51
4p—4h 4,412 1.44,1.44,0.48 17.31 16,16,0 27.7,27.7,0 0.58 1.99 16.25 32.34 34.10
198e  (0p—Oh)yimiar 7,59  0.97,1.36,0.76 2041 56,2324 15.6,19.2,10.8 0.70 15.50 2.70
2p—2h 5,5,13 1.38,1.38,0.53 20.63 14.4,14.4,0 28.2,28.2,0 0.51 0.41 15.50 6.36 8.01
(0Op—Oh)aw 66,9  1.14,1.14,0.76 2061 3.753.750  17.0,17.00 022 0.67 1550 10.39 13.12
1zc Op—0h 10,6,10 0.84,1.41,0.84 25.30 5.3,0,5.3 16.1,0,16.1 0.33 14.89 2.77
4p—4h 6,6,18 1.44,1.44,0.48 25.96 21,21,0 38.5,38.5,0 0.55 0.44 14.89 6.55 7.71

ground state are 10, 6, 10. This implieg= w,<w,. This

in the expressiod Eg=AE,+AE,+AE,. Again, if we had

means that thg axis is the symmetry axis and the nucleusmade the axial approximation for thep8 Oh state we would

will be oblate. The values of,, X,, and X, for the
4p—4h intruder state are 6, 6, 18. Hence thaxis will be

have reached the erroneous conclusion that e 2h in-
truder state was the ground state. By correctly taking into

the symmetry axis and the intrinsic state is prolate. We obaccount the triaxiality the situation gets reversed.

tain the excitation energy of thep4-4h J=07 state to be

We now come to our main focus, the intruder states in

E}_o+=6.55 MeV. The experimental value is 7.65 MeV. 8Be. We consider both thep2- 2h and the 4—4h intrud-
Considering the simplicity of this model the agreement isers. We find that the excitation energies are much higher than
remarkable, and we must take the predictions of this modeh °Be or %C. TheJ=0" 2p—2h state is at 17.23 MeV
seriously, even if we do not fully understand why it works soand theJ=0"4p—4h state is at 32.34 MeV in this calcula-
well. ) tion. We can understand this behavior by considering the
Rather than use the approximate formulhw,  Nijlsson diagram shown in Fig. 1. FdPBe and*2C we take

_ -13 -2 : .
=(45A"*°-25A"%") MeV we can for a given nucleus fit 1 cleons from upward-going lines in the shell and put
the mean-square charge radius, provided this quantity "age, intg a down-going line in the—d shell. The energy
E’(?Be” [)nia}surgg' Jh'\s/ IS nct)t Thelgas_e i??ﬁ (unstabllte c()jr required to do this is much less for finig than it is for

€, JUt tor e Vrieset al. [19] give three resuits due B=0, as can be easily seen from Fig. 1. FiBe, on the

; PA
t204eilfze)r?r':]t groups, (r*)=2.472(15), 2.476), and other hand, we must take two nucleons from a down-going
' In our forhulation the charge radius is given by Nilsson line. This obviously costs much more energy. The
figure and the corresponding argument make it quite con-
5 RS, 3. Sy vincing that the presence of low-lying intruder statesfBe
(r >chzﬂn ho, ho, h_wy : (17 and*C does not imply that there will be low-lying intruders

in 8Be.

If we take(r?)¥2=2.47 fm, we findi wy,=15.85 MeV. This

is larger than the value in Table VIII. We now find that the
excitation energy of thd=0" 4p—4h state is 6.97 MeV.
This is closer to the experimental value of 7.654 MeV, than
the value using the approximate formula fbiw, (6.55
MeV).

For 1°Be the values of,, 3,, and3, for the ground
state are 7, 5, 9; for the@- 2h intruder state they are 5, 5,
13. Thus the ground-state band is triaxial but the intruder
state has axial symmetry. We obta#{_,.=6.36 MeV in
close agreement with the experimental result of 6.11 MeV.

We also include results for the axial symmetry approxi-
mation for the ground state dPBe. We replace the numbers
7, 5, 9 by 6, 6, 9. This might seem like a modest change.
However, this is not the case. Indeed we find that the
2p—2h intruder state is 4.03 MeV below the axial ground
state. This is due to a combination of reasons. First, the axial ||3|
intrinsic ground state is 3.1 MeV above the triaxial intrinsic
ground state. Secondly, we get a large zero-point shift in the FIG. 1. Schematic Nilsson energies as a function of deforma-
triaxial case because we get contributions from all three axeton.

N=2 ¢

\
/ @D

nnpp
nnpp
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VIl. CONCLUSIONS energy of the first 2 state came out correctly. As we enlarge
tthe model space we choogeso that the fit to the 2state is

Because of the important implications to astrophysics of . .
P ; maintained. This means thgtbecomes smaller as the model
the °Be nucleus, we feel that Barker's suggest|{@y] to o
space is increased.

worry about the presence of low-lying intruder states in this We lastly express wonderment that the deformed oscilla-

and neighboring nuclei is quite sensible. However, our cal- . . .
. L tor model, with zero-point energy corrections, seems to work
culations do not support the presence of low-lying intruder

states in“Be. e, of ay=2" invuder at 9 Meviwnicn o0 L LA e e e erac.
would also imply aJ=0" intruder at 6 MeV. Our lowest gies.

J=0" intruder in the deformed oscillator model is above 17t|ons it is very difficult to get the intruder states to come

MeV and theJ=2" above 19 MeV. These energies are down low enough. This is because one starts with a spherical

lower than the 26 MeV gate mentioned by Warburton in thebaSIs where for say“C, the starting point energy for the

. 7 ) 4p—4h state is 4w=59.5 MeV. One has to get the state
abstract of his 1986 worle], but are sufficiently high so as "1 7,65 Mev and this is very difficult. It would be
not to seriously affect the: spectrum.

Our case was made more convincingly the fact that th interesting to see whether this can be done with other realis-

. . L ¥ %ic interactions suitably tailored for these types of calcula-
same calculation does yield low-lying intruders iBe and Y P

. . . tions. In any case, the model space to do this must be enor-
12C. In 12C we are in close agreement with experimehs5 ’ :
‘ mous. However the deformed oscillator model almost
MeV vs 7.654 MeV exp. In %Be our calculated]=0"

: ! ; effortlessly gets the state close to this energy. The Nilsson
state energy is very close to that of the first exuté’dsﬁ)ate diagram in Fig. 1 explains in part this success but it would be
(6.36 MeV vs 6.111 MeV exp. However more experimental nice to have a more quantitative understanding.
work will have to be done to determine if this is indeed an
intruder state. Another possibility is that the 6.11 MeV state
is the J=0" member of anL=1,S=1 triplet with orbital
symmetry[411] or [331]. We are extremely grateful to lan Towner for suggesting

Some questions remain. Why are the shell-model energieis problem. This work was supported by Department of
higher than the deformed oscillator ones. It may be due t&nergy Grant No. DE-FG02-95ER40940, by DGICYT
the truncated space used in the shell-model calculations. [Bpain grants under Contracts No. PB95/0123 and SA95-
this is the case then this indicates a rather slow convergence371 and by a Stockton College Distinguished Faculty re-
It would be of interest to try to enlarge the model space tosearch grant. M.S.F. kindly acknowledges travel support
test out this idea. It should be emphasized that in@Qh€  from the Laboratoire de la Physique de la Megi€ondense
calculations the parametgrwas chosen carefully so that the at the Universitede Tunis, Tunisia.
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